Based on the full optimized molecular geometric structures at B3LYP/cc-pvtz method, a new designed compound, 4,6,8-trinitro-4,5,7,8-tetrahydro-6H-furazano[3,4-f ]-1,3,5-triazepine was investigated in order to look for high energy density compounds (HEDCs). The analysis of the molecular structure indicates that the seven-membered ring adopts chair conformation and there exist intramolecular hydrogen bond interactions. IR spectrum and heat of formation (HOF) were predicted. The detonation velocity and pressure were evaluated by using Kamlet-Jacobs equations based on the theoretical density and condensed HOF. The bond dissociation energies and bond orders for the weakest bonds were analyzed to investigate the thermal stability of the title compound. The results show that N 1 -N 6 bond is the trigger bond. The crystal structure obtained by molecular mechanics belongs to Pna2 1 space group, with lattice parameters Z = 4, a = 15.3023 Å, b = 5.7882 Å, c = 11.0471 Å, ρ = 2.06 g cm . In addition, the analysis of frontier molecular orbital shows the title compound has good stability and high chemical hardness.
Introduction
In recent years, the synthesis of energetic, heterocyclic compounds has attracted an increasing amount of interest because of the higher heat of formation (HOF) and density than their carbocyclic analogues.
1 Cyclic nitramines constitute an important class of organic energetic materials whose synthesis and properties have been widely studied 2, 3 and played the important roles in the civil and military fields for a long time. [4] [5] [6] In order to study the effect of cyclic size and number of nitro group on energetic properties for nitramines, many four-, five-, six-, seven-, and eight-membered N-nitrated azacyclanes were synthesized. For example, RDX (hexahydro-1,3,5-trinitro-1,3,5-trizine) and HMX (1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane) were synthesized 7 and their detonation performances were obtained. Polycyclic and caged nitramines compounds such as TNAD (trans-1,4,5,8-tetranitro-1,4,5,8-tetraazadecalin) 8 and CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane) 9 have higher HOFs, densities and detonation parameters than HMX. Cis-2,4,6,8-Tetranitro-1H,5H-2,4,6,8-tetraazabicyclo [3.3 .0]octane, commonly called "bicycle-HMX" exhibits better detonation performance than HMX and becomes another important polycyclic nitramine.
10,11
However, there are few reports on azole-fused N-nitrated azacyclanes. Some researchers investigated furazano [12] [13] [14] and tetrazole derivatives, 14, 15 which belonged to fused systems with six-membered azacyclanes. Recently, a new designed furazano-fused seven-membered N-nitrated azacyclane, 4,6,8-trinitro-4,5,7,8-tetrahydro-6H-furazano[3,4-f ]-1,3,5-triazepine was reported. 16 Up to now, there is no report about this compound. Figure 1 gave the molecular structure of the title compound.
In this paper, the structural parameters, thermodynamic properties, density, detonation velocity and pressure, thermal stability have been studied by using density functional theory (DFT). Frontier molecular orbital is also investigated. It is expected that the results could provide useful information for laboratory synthesis and design and development of new novel energetic materials.
Computational Details
Geometry optimization of molecular structures were performed without any symmetry restriction by using density functional theory at the B3LYP level with the cc-pvtz basis set in Gaussian 03 package. 17 Vibrational frequency analyses were performed at the same level. All optimized structures were characterized to be the local energy minimum on the potential energy surface by vibrational analysis. This indicates that the structure of each molecule corresponds to a local minimum on the potential energy surface. The values are all very close to 0.75, which shows negligible spin contamination of pure doublets states for fragment openshell systems.
The structure modifications can make the properties of the compound change drastically, so it is important to predict the properties and performance for a new designed compound. For energetic materials, the detonation velocity D and the detonation pressure P are two important parameters. The detonation velocity is the stable velocity of the shock front that characterizes detonation and the detonation pressure is the stable pressure that is development behind the front.
18-20
D and P can be calculated according to Kamlet and Jacobs equations.
21
(1) (2) In Eqs. (1) and (2) , N is the moles of gas produced by per gram of explosives, M is the an average molecular mass of the gaseous products in g/mol, Q is the estimated heat of detonation in cal/g, ρ is the density of the explosive in g/cm 3 . Obviously, the density plays a dominant role to determine D and P. Density is described as the primary physical parameter in detonation performance by Mader. 22 Higher density can contribute to developing new energetic materials.
Heat of formation (HOF) can be calculated by means of the atom equivalents procedure. [23] [24] [25] Since most of energetic materials are in solid, the calculation of detonation properties requires slid phase HOF (ΔH f,solid ). According to Hess's law of constant heat summation, 26 the gas-phase HOF (ΔH f,gas ) and heat of sublimation (ΔH f,sub ) can be used to evaluate their solid phase HOF:
Politzer et al. 27, 28 found that the heats of sublimation can correlate well with the molecular surface area and electrostatic interaction index of energetic compounds. The empirical expression of the approach is as follows: (4) Where A is the surface area of the 0.001 electrons/bohr were calculated using the computational procedures proposed by Lu.
29
The possible polymorphs and crystal structure of the title compound is predicted by rigorous molecular packing calculations using polymorph module of Material Studio 30 since high-energy compounds are usually in condensed phases, especially solid form. The compass force-field is used to search the possible molecular packing among the most probable seven space groups (P2 1 /c, P-1, P2 1 2 1 2 1 , Pbca, C2/c, P2 1 , and Pna2 1 ).
31-34
Furthermore, theoretical vibrational spectrum of the title compound was interpreted by means of potential energy distribution (PED) with the version V7.0-G77 of the MOLVIB program written by Sundius. 35, 36 The calculated Raman activities (S i ) have been converted to relative intensities (I i ).
Results and Discussion
Molecular Geometry. It is necessary to study the geometric structures before discussing the other properties. The xyz coordinates of optimized geometry of the title compound are listed in Supplementary Table S1 . Some bond lengths and angles obtained from B3LYP/cc-pvtz method are tabulated in Table 1 . Obviously, the seven-membered ring adopts chair conformation so that atoms N 3 , C 3 , N 2 , C 2 form central nearly planar fragment. In addition, amino-nitrogen atoms are not planar in all N-NO 2 moieties and all NO 2 groups deviate from the corresponding C-N-C planes in order to come closer to each other. The N-NO 2 groups all depart from the attached ring plane because of the steric hindrance effect and the N 2 -NO 2 moiety has the largest deviation from planarity. Geometry optimization performed on the title compound indicated that there exist intramolecular hydrogen bond interactions. The hydrogen bond lengths and angles are listed in Table 2 . 
In Eq. (5), E is the quantum mechanically determined electronic energy of the molecule at 0 K, n i is the number of atoms of elements i and x i is its atom equivalent energy.
Here, x i is determined by Rice and Byrd through a leastsquares fitting of Eq. (5) to the experimental of a series of CHNO energetic materials. 23 Using this method, the HOF of the title compound is calculated at B3LYP/ccpvtz level. Solid-phase HOF, ΔH f,solid is an important property to predict the detonation properties of the energetic materials. Table 3 presents the total energies, ΔH f,gas and ΔH f,gas of the title energetic material.
The crystal density can be calculated by electrostatic potential on the molecular surfaces: (6) In Eq. (6), M is the molecular mass in g/molecule, V(0.001) is the volume of the isolated gas phase molecule, in cm 3 /molecule. The coefficients α, β, γ were 0.9183, 0.0028, 0.0443, respectively, which are obtained by Politer et al.. 37 The calculated density is also included in Table 3 . In order to have a comparison, the experimental HOFs of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and 1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane (HMX) were also listed in Table 3 . Using the method of Politzer et al., 26, 27 the ΔH f,sub , the descriptors A, ν, and ΔH f,solid for the title compound, RDX and HMX [38] [39] [40] were all listed in Table 3 . It is noted that the experimental ΔH f,gas and ΔH f,solid of RDX and HMX are agreement with the calculated values of RDX and HMX, which shows that our calculations are reliable.
Density is one of the critical factors that determine the energetic properties of compounds. According to the KamletJacobs equation, 21 density greatly affects the detonation performance. Detonation pressure is dependent on the square of the density, while detonation velocity is proportional to the density. Densities of the title compound, RDX and HMX are corrected by the method of Politzer et al. 37 and also included in Table 3 . For comparisons, the experimental densities and HOFs of HMX, RDX are also listed in this table. It is noted that densities of the studied compounds are slightly higher than those of RDX and HMX. From Table 3 , the gas HOF of the title compound is 610.04 kJ/mol and the density is 1.97 g/cm 3 , which is much larger than those of RDX (1.78 g/cm
3
) and HMX (1.89 g/cm 3 ).
41,42
Detonation Properties. Based on the condensed HOF and density of the title compound, the detonation properties, including Q, D and P, were estimated. Table 4 lists the calculated D, P, Q and the oxygen balances OB(%) of the title compound. For better comparing and evaluating detonation performance of the title compound, the calculated and experimental data 7,41 of RDX and HMX are also listed in Table 4 .
In comparison with HMX and RDX, the title compound exhibits much better detonation performance. The detonation velocity and pressure of the title compound are 9.65 km/s and 43.51 GPa, respectively. This shows that the title compound is a promising energetic material. According to energy criterion for high energy density compound, 42 i.e., ρ ≈ 1.90 g/cn , which corresponds to the N-N stretch. Peaks at less than 1200 cm −1 such as 980 cm are mainly caused by the deformation of the heterocyclic skeleton, C-H bending and N-NO 2 stretch. Electronic Structure and Thermal Stability. For the energetic material, it is important to understand whether they are stable enough to be of practical interest. A good energetic material should have a high stability. Thus, studies on the bond dissociation or pyrolysis mechanism are important to understand the decomposition process of the energetic materials because they are directly relevant to the sensitivity and stability of the energetic compounds. The bond dissociation energy (BDE) could evaluate the strength of bonding that is fundamental to understand the decomposition process of the energetic materials. Since there may be several bonds of the same kind in a molecule, the Wiberg bond indexes (WBIs) from natural bond orbital (NBO) analysis were used to ascertain the weakest bond. A high WBI value indicates a stronger bond, whereas a low WBI value shows a weaker bond, so the bond with the smallest WBI among all bonds of the same type was considered.
In this paper, two possible initial steps, i.e. the breakings of N-NO 2 bond in the side chain and C-N bond in the skeleton are considered. In order to find the weakest bond, natural bond orbital analysis (NBO) has been performed. Table 5 lists some Wiberg bond orders of the title compound. It is noted that C 3 -N 3 in the skeleton and N 1 -N 6 in the side chain have the smaller WBI among the same kind of bonds. The corresponding BDEs were also calculated and listed in Table 5 .
From Table 5 , the BDE of N 1 -N 6 bond is 83.39 kJ/mol, which is weaker than that of C 3 -N 3 bond. This indicates that N 1 -N 6 breaks more easily and may be the trigger bond. The results agree with experimental studies showing dominance of NO 2 fission in the early stages of thermal decomposition.
43,44
According to the stability request of HEDC (BDE ≈ 80-120 kJ/mol), we think that the title compound is a stable compound.
Molecular Packing Prediction and Density. The crystal structure of the title compound in this paper is predicted by COMPASS force field, 45 which can produce the gas-and condensed-phase properties reliably for a broad range of systems. 46 Using COMPASS force field, we can pack arrangements in all reasonable space groups to search for the lowlying minima in the lattice energy surface. The structure optimized by B3LYP/cc-pvtz method is considered as input structure for polymorph search. Table 6 lists the lattice parameters in all reasonable space groups.
It is noted from Table 6 . Figure 3 gave the molecular packing of the title compound in Pna2 1 space group.
Frontier Molecular Orbitals. The frontier molecular orbitals play an important role in the electric and optical properties, as well as in chemical reactions.
47 Figure 4 shows the distributions and energy levels of the HOMO-1, HOMO, LUMO and LUMO+1 orbitals computed at B3LYP/ cc-pvtz level for the title compound. As seen from Figure 4 , LUMO+1 is mainly localized on the nitro groups and the skeleton of seven-membered Nnitrated azacyclane, while LUMO is mainly localized on the nitro groups and the C 2 , C 3 atoms of seven-membered Nnitrated azacyclane. HOMO and HOMO-1 are all mainly localized on the furazan ring, the three nitro groups and the skeleton of seven-membered N-nitrated azacyclane. The value of the energy separation between the HOMO and LUMO is 5.49 eV. This large HOMO-LUMO gap means high excitation energies for many of excited states, a good stability and a high chemical hardness for the title compound.
Conclusion
In this paper, a new designed polynitro derivative was investigated by using density functional theory. IR spectrum was also predicted. The results show that there are four main characteristic regions. Detonation properties, HOF and the weakest bond were predicted. The results show the N 1 -N 6 bond is predicted to be the trigger bond during pyrolysis based on the results of bond order and BDE. The most possible packing structure belongs to Pna2 1 space group. The detonation velocity and pressure of the title compound are 9.65 km/s and 43.51 GPa, respectively. All the calculation results indicate that the title compound possesses very high HOF, detonation velocity and pressure and is a potential candidate of HEDM. 
